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INTRODUCTION 
Aluminium is the most abundant metal and third most common metal in 
the earth's crust, constituting about 8% of total soil minerals. At neutral and 
alkaline pH aluminium occurs in combined form as oxides or even more 
commonly as aluminosilicates, which are non toxic to plants. However, at low 
pH (below pH 5) the solubility of aluminium compounds is generally increased 
(Jones and Ryan, 2003). Soluble aluminium cation (Al ) in acid soils is 
phytotoxic and thought to be a major limiting factor for plant growth and 
productivity on these soils (Kochian et al., 2004). Thus it is an important 
factor limiting food production in many developing countries. 
Toxic effects of Al on plant growth have been attributed to several 
physiological and biochemical pathways (Roy et al., 1988). Al toxicity causes 
disruption of many important activities in plants, including inhibition of cell 
division, disjunction of cell wall, inhibition of ion fluxes, disruption of plasma 
membrane integrity, failure in Ca homeostasis, inhibition of signal transduction 
pathway and aheration in cytoskeleton structure (Matsumoto, 2000; Rout et al, 
2001). Root apex is the primary site of Al induced root growth inhibition 
(Rengel, 1996; Ma et al., 2004). Aluminium can interact with a number of 
extracellular and intracellular substances like interaction with the root cell 
walls, disruption of plasma membrane and symplastic constituents such as 
calmodulin (Kochian, 1995). Plants grown in acid soils due to solubility of Al 
at low pH have undeveloped root system and exhibit a variety of nutrient 
deficiency symptoms, consequently led to decrease in yield of crop. Al also 
interferes with uptake, transport and utilization of essential nutrient including 
Ca, Mg, K, P, Cu, Fe, Mn and Zn (Guo et al, 2003). 
Calcium is an essential plant nutrient required for structural role in cell 
walls and membranes and act as counter cation for inorganic and organic 
anions in vacuole and intracellular messenger in the cytosol (Marschner, 1995). 
Moreover, cytosolic Ca also acts as intracellular messenger coordinating 
responses to numerous developmental cues and environmental challenges 
(Marschner, 1995; White and Broadley, 2003). Calcium in addition to its role 
in cross linking the pectic material in cell wall also plays an essential role by 
acting as a secondary messenger in regulating plant functions from nutrient 
uptake to changes in cell status and also against abiotic and biotic stresses 
(Sanders et al., 2002). Calcium also plays a role similar to plant hormones in 
the regulation of various cell functions in the plant. Moreover, it has also been 
reported that Ca helped to increase metal resistance by reducing the toxic 
effects of heavy metal in crop plants (Horst, 1987; Gabbrielli et al, 1995). 
Brassinosteroids (BRs) are a new class of steroidal plant hormone, 
ubiquitously distributed in plant kingdom. Structurally related to animal and 
insect steroid hormones, the brassinosteroids generally occur in all parts of the 
plants including roots (Bajguz and Tretyn, 2003). This hormone evoke a wide 
range of physiological responses in plants, including stem elongation, pollen 
tube growth, leaf bending and epinasty, induced synthesis of ethylene, 
activation of proton pump, xylem differentiation, synthesis of nucleic acid and 
proteins, activation of enzymes and photosynthesis (Clouse and Sasse, 1998; 
Khripach et al., 2003; Bajguz and Hayat, 2009). Till now, 65 uncongulated 
brassinosteroids and 5 sugar fatty acids conjugate have been detected in the 
plant kingdom (Bajguz and Tretyn, 2003). However, brasisnolide, 24-
epibrasisnolide and 28-homobrasisnolide are the three bioactive 
brassinosteroids being widely used in physiological studied (Khripach et al., 
2000). Recently, ameliorative roles of BRs have been recognized in plants 
subjected to various biotic and abiotic stresses (Clouse and Sasse, 1998; Hayat 
et al., 2009). The exogenous application of BRs increased tolerance to low 
and/or high temperature stress, drought stress and moisture stress. Similarly, 
the BR treatment countered the stress imposed by NaCl (Clouse and Sasse, 
1998; Sasse, 2003) and heavy metal stress, i.e. cadmium (Hasan et al., 2008), 
nickel (Alam et al, 2007) and copper (Fariduddin et al, 2009a). 
Keeping in mind the ameliorative role of brassinosteroids in various 
stresses the present piece of work was designed with an aim to evaluate the 
changes in antioxidant system and other metabolic markers under the influence 
of 24-epibrassinolide and calcium in Cucumis sativus exposed to aluminium 
and to establish a relationship between the changes in antioxidant system and 
the degree of resistance in terms of improvement in growth and photosynthesis. 
Cdapter - 2 
euiew of cJLiterature 
REVIEW OF LITERATURE 
Aluinmium 
Aluminium toxicity is one of the most prevalent forms of metal stress 
limiting crop production in acid soils in the tropics. It has been reported that 
30-40% of the arable soils of the world are acidic. These soils are mainly 
associated with regions of high rainfall where base cations like Ca^ ,^ Mg^^ , K ,^ 
Na^  etc have been leached from the soil and replaced by toxic Al^ ^ cations 
releaijed from soil mineral weathering. 
The Al^ ^ cation effectively inhibit root growth and hamper plant 
development and thereby reduce productivity. Aluminium primarily affects 
root i^owth by interfering with processes decisive for the regulation of growth 
in the root apex (Ryan et al., 1993; Delhaize et al., 1993). Extensive work have 
shown that Al causes an inhibition in root growth, root elongation, 
morpthological disorganization in the root apex, root bending and an alteration 
in root anatomy (Graham, 2002; Jorge and Menssoi, 2005; Jemo et al., 2006 
and Pereira et al., 2006). Root apices generally play a pivotal role in Al^ "^  
perception and response (Horst, 1995; Rengel, 1996). Al^ ^ accumulated in root 
cell walls exerts a toxic effect in three ways: (i) it may decrease apoplastic 
exchange of basic cations, especially Ca, which could reduce nutrient 
acquisition per unit root length, (ii) Al^ ^ absorbed in the cell wall reduces cell 
expansion, thereby reducing root elongation, and (iii) a reduction in nutrient 
uptake through decreased root proliferation through the soil (Van Ocene, 1998; 
Blamey, 2001). Inhibition of root growth is one of the earliest and most 
apparent symptoms exhibited by plants suffering from Al sfress, this symptom 
has been observed within hours or even minutes of exposure to very low 
concentration of Al (Vazquez et ah, 1999). However, prolonged exposure of 
plants to Al, exhibited a number of toxicity symptoms in both roots and shoots 
(Rengel, 1996). Al' binds strongly with pectins present in the cell wall of 
epidermal and cortical cells of roots (Horst et al, 1999), causing the primary 
injur)' of peripheral root cells, where it interferes with essential processes like 
construction and assembly of cell walls, ion flux and basic properties of plasma 
membrane (Kochian et al., 2004). The symptoms of Al toxicity has been 
speculated to be correlated with formation of linkage between the Al and 
carboxylic groups of pectins present in the cell wall of root (Schmohl and 
Horst, 2000) or may be switching off cellulose synthesis into callose 
accumulation (Teroaka et al, 2002). Al induced inhibition of mitosis in the 
root apex (Rengel, 1992; Delhaize and Ryan, 1995), has been implicated in 
blockage of DNA synthesis (Horst et al, 1983), aberration of chromosomal 
morphology and structure (Liu and Jiang, 2001), occurrence of anaphase 
bridges and chromosome stickiness (Liu and Jiang, 2001) and also 
progi-ammed cell death occurs in the root tips (Pan et al, 2001). Al also inhibits 
the number and length of lateral roots (Barcelo and Poschenrieder, 2002). 
The most common response of Al toxicity in shoots are cellular and 
ultrastructural changes in leaves, reduced stomatal opening, decreased 
photosynthetic activity leading to chlorosis of leaves (Graham, 2002). Fresh 
and dry mass of roots and shoots, leaf number and root/shoot ratio were also 
reduced by Al treatment (Hodson and Evans, 1994; Jemo et al., 2006; Sierra et 
al., 2006). 
Al stress induced a reduction in the quantity of chlorophyll pigment and 
in the ratio of chlorophyll a and b which was accompanied by marked decline 
in photosynthetic rate (Sarkunan et al., 1984; Fageria et al., 1988). It also 
suppressed photosystem I mediated electron transport and stimulated 
photosystem II catalyzed electron flow and O2 evolution (Wavare et al., 1983). 
Photosynthetic rate of red pine seedlings grown in acid soil was reduced by 
high Al concentration (Lee et al., 1988). However, the reduction of 
photosynthetic activity in seedlings of Japanese cedar was attributed to the 
accumiulation of Al in the shoots (Ohtagaki et al, 1996). In presence of excess 
Al with low Ca and Mg resulted in stomatal closure and thereby also decreased 
photosynthesis in beech seedlings (Ridolfil and Garrec, 2000). Moreover, 
workers also reported that Al toxicity specifically inhibited the photosynthetic 
apparatus in many plants (Lorenc-Pblucinska and Ziegler, 1996; Akaya and 
Takenaka, 2001). The total respiratory rate decreased with increasing supply of 
Al in rice, these circumstances were accompanied by a reduction in soluble 
carbohydrates including reducing sugars which formed the substrate for 
respiration (Sarkusan et al, 1984). Soluble sugars also increased in sorghum 
treated with elevated level of Al (Cambraia et al., 1983a). Al was found to 
interfere with certain enzymes governing the deposition of polysaccharides of 
cell wall (Barber, 1974) and altered the activity of hydrolytic enzymes present 
in the golgi apparatus (Roy et al., 1988). The rice plants growing in presence of 
excess Al""^  accumulated sugars which serve as an adaptive mechanism in 
maintaining a favourable osmotic potential (Mishra and Dubey, 2008). 
Al induces the synthesis of several proteins (Basu et al, 1994) and also 
over expression of several genes (Snowden and Gardner, 1993; Snowden et al.. 
1995). Some of these proteins have been identified including phenylalanine 
ammoniumlyase, metallothionein like proteins, proteinase inhibitors and 
asparagine synthetases (Snowden et al, 1995). These proteins show some 
characteristics features of stress or wound response and could be involved in 
detoxication of metals in the cytosol (Sugimoto et al., 2004). On the other 
hand, the genes induced by Al are promising for resistance, particularly 
transporters for organic acids (Sasaki et al, 2004). In the root apex of wheat 
cultivar, resistant to Al, two 51 KDa microsomal proteins were identified 
which expressed in seedlings exposed to Al (Basu et al, 1994). Aluminium has 
been found to enhance nitrogen concentration in both leaves and roots of 
Trifolium repens (Lee and Pritchard, 1984) whereas in aerial parts of Vigna 
unguiculata and groundnut (Mayz and Curtwright, 1984; Shamshuddin et al., 
1992) nitrogen content was reduced by Al stress. It was demonstrated that 
under Al stress reduced nitrogen content in aerial part of Vigna unguiculata 
(Gomes et al., 1985) was correlated with low CO2 fixation (Neogy et al., 
2002), It was suggested that Al reduced the nitrate uptake in plants due to the 
internal binding of aluminium to membrane channel proteins or other 
components of nitrate transport system (Lazofet al., 1994). Roots of cucumber 
seedlings supplied with higher concentration of aluminium exhibited a low rate 
of nitrate uptake (Jeazykiewicz, 2001). The reduction of nitrate, absorbed by 
roots is initially catalyzed by nitrate reductase (E.G. 1.6.6.1), located in the 
cytosol of cell, which reduces nitrate to nitrite. The activity of the enzyme 
carbonic anhydrase that catalyses the interconversion of GO2 and HCO3 is 
regulated by photon flux density, CO2 concentration and the availability of Zn 
(Tiwari et al., 2005). Moreover, Al also interferes with the uptake of Zn 
(Detters et al, 1986) and reduced internal CO2 concentration thereby 
decreasing the activity of carbonic anhydrase (Ali et al., 2008). 
It has been demonstrated that environmental stresses including changes 
in temperature, water deficiency and an excess of metallic ions causes severe 
damage to plants either directly or indirectly through the production of reactive 
oxygen species (ROS) or active oxygen species (AOS) such as singlet oxygen 
(O2"), superoxide ions (O2'), hydroxyl ions (OH ) and hydrogen peroxide 
(H2O2) (Mitller, 2002; Yamamoto et al., 2002, 2003). In order to protect from 
oxidative damage plant cells have a wide range of endogenous defense 
mechanisms mvolving both enzymatic and non-enzymatic antioxidant means to 
rapidly detoxify ROS or AOS (Mitller, 2002). Enzymatic antioxidants systems 
include superoxide dismutase (SOD; B.C. 1.15.1.1), catalase (CAT; E.C. 
1.11.1.6), peroxidase (POX; E.C. 1.11.1.7) and glutathione reductione (GR 
E.C. 1.6.4.20) while non-enzymatic antioxidants include low molecular weight 
compounds such as ascorbate, tocopherol, proline and reduced glutathione that 
scavenge ROS (Gratao et al, 2005; Foyer et al, 2001). These reactive oxygen 
species form hydroxyl radical that causes lipid peroxidation, protein 
denaturation, DNA mutation and inhibition of photosynthesis (Bowler et al, 
1992; Foyer et al., 1994). Aluminium induced oxidative stress in A. thaliana 
(Richard et al, 1998), Nicotiana tobaccum and Pisum sativum (Yamamoto et 
al., 2002), Triticum aestivum (Darko et al., 2004), Vigna radiata (Panda et al., 
2003), germinating barley seeds (Tamas et al., 2004) and Oryza sativa (Baohui 
et al., 2007) by inducing production of ROS. Roots of hinoki cypress exposed 
to Al for one week had elevated level of antioxidant enzymes in the needles 
(Ogawa et al., 2000). Moreover, tobacco cells sensitive to Al had increased 
formation of ROS (Yamamoto et al, 2002) whereas roots of wheat plants 
sensitive to Al accumulated more superoxide and peroxide than Al tolerant 
plants, leading to reduced oxidative damage (Darko et al, 2004). 
Al enhanced Fe mediated peroxidation of lipids leading to the loss of 
plasma membrane integrity and eventually cell death (Yamamoto et al, 1997). 
Roots exposed to elevated level of Al also showed peroxidation of membrane 
lipids, loss of cell compartmentation and production of AOS (Stival da Silva et 
al, 2006). Moreover, Al enhanced the peroxidation of lipids in root tips of 
soybean (Horst et al, 1992), pea roots (Yamamoto et al, 2001) and cultured 
tobacco cells (Ikegwa et al., 2000). 
Oxidative stress induces the degradation of important molecules such as 
lipids, amino acids, proteins and carbohydrate resulting in the release of 
malondialdehyde (Alaize et al, 1999) determined by the thiobarbituric acid 
reactive substance (TBARs) (Heath and Packer, 1968; Yamamoto et al., 2001). 
An increase in TBARs content is a precise indicator of general oxidative 
damage in membrane lipids. Soyabean plants supplied with higli concentration 
of Al induced oxidative stress which was evident from a significant but 
moderate increase in TBARs content in nodules and root tissues (Karina et al., 
2006). However, changes in the composition of sphingolipid of cell membranes 
protected plants from Al stress (Ryan et al., 2007). One well known response 
of roots after exposure to Al is the synthesis of callose which has frequently 
been used as an indicator of Al stress (Horst et al, 1997). Al induced callose 
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formation has been associated with the inhibition of root growth in T. aestivum 
and Z mays (Horst, 1995). 
More recently, H2O2 was identified also as a signal molecules that 
activates expression of many genes in plants (Desikan et al., 2000) and 
initiating several protective resistance mechanisms against biotic and abiotic 
stresses (Qinghua et al., 2006). H2O2 acts both as an oxidant as well reductant 
(Foyer et ai, 1997) and plays a wider role in resistance reactions, as it is 
required for cross-linking of important components of plant cell wall (Lignin 
and Suberin) as a part of structural defense reactions and it may also regulate 
gene expression associated with antioxidant defenses (Lamb, 1994). In 
pumpkin {Cucurbita pepo) roots and germinating barley seeds, accumulation of 
Al in the root tip was correlated with elevated level of H2O2 (Dipierro et al, 
2005) further corroborated the involvement of H2O2 in defense reactions. 
Elevated levels of H2O2 could accelerate the process like Haber-Weiss reaction, 
resulting in formation of hydroxyl radicals that caused increase lipid 
peroxidation in plants (Neill et al., 2002) as in Oryza sativa (Kuo et al, 2003 
and Baohui et al., 2007). 
The accumulation of proteinogenic amino acid proline in plants is a 
general response to various abiotic stresses. It is proposed that proline functions 
as an osmoprotectant, radical scavenger, stabilizer of macromolecules and a 
cell Avail component (Matysik et al, 2002). Plants exposed to high Al 
concentration, in majority of the experiments, show an increased proline 
content justify the stress conditions in chickpea (Satakopan et al, 1992), 
sorghum (Galvez et al, 1991) and mungbean (Ali et al, 2008). 
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Calcium 
Calcium is an essential plant nutrient present in soil in relatively high 
concentrations. Calcium is supposed to form first line of defense in plants. It is 
required by the plants in its ionic (Ca ) form for a variety of structural roles; 
acts as a cytoplasmic secondary messenger, linking a range of external stimuli 
to their physiological responses, and in the vacuole plays a pivotal to counter-
cations for inorganic and organic anions (Marschner, 1995). Elevated level of 
cytosohc Ca is required by the expanding root hair cells and cells of 
elongation zone to maintain their proper growth. The cytosolic free Ca^ ^ 
concentration have been found to increased in response to abiotic stresses 
including salinity, cold, drought and heavy metals (Tuteja and Mahajan, 2007). 
However, uptake of Ca^ ^ is maximum in apical zones (less than 5 cm from the 
root tip) and comparatively lower in mature regions of the roots (Huang et al., 
1992). In mature regions, Ca^ ^ uptake is largely determined by the translocation 
of Ca^ ^ to the shoot (White et al., 1992). It makes entry into the plant cells 
through Ca permeable cation channels located in the plasma membrane 
7+ 
(White, 2000). However, rapid influx of Ca through cation channels in the 
plasma membrane, tonoplast and/or endoplasmic reticulum generates [Ca'^ j^cyt 
perturbations that initiate cellular responses to a diverse range of 
developmental cues and environmental challenges (White, 2000; Sanders et al., 
2002). Moreover, Ca^ ^ permeable channels in the plasma membrane play a 
pivotal role in cell signaling and in the regulation of a variety of developmental 
and photosynthetic processes (White, 2000). It has long been known that the 
expression of environmental and particularly ion stresses in plants depend on 
the concentration of calcium. Calcium ions alleviated toxic effects of various 
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heavy metals by acting as an antagonist to those ions (Rengel, 1992). It has 
been proposed that Ca^ ^ alleviated mineral toxicity, by replacing it with Ca^ ^ 
(Rengel, 1992). It has been reported that in the presence of toxicant 
supplementation with higher levels of Ca^ * alleviated growth inhibition 
(Hanson, 1984; Kinraide, 1998). Furthermore, it was found that Ca increased 
metal resistance and also reduced toxic effects of heavy metal in crop plants 
(Horst, 1987; Gabbrielli et al., 1995). It has been established that cytosolic free 
Ca ions played a pivotal role by acting as the secondary messenger, in 
transduction of various hormonal and environmental signals (Panday et al, 
2000; Plieth, 2001; Sanders et al, 2002). Therefore, it may be concluded that 
Ca^ ^ ions, in addition to its role in cell signaling, also play a role in overcoming 
metal stresses in plants. 
Calciumi Aluminium Interactions 
Aluminium toxicity has frequently been linked to Ca^ ^ either because of 
Al induced perturbations in cellular metabolism of Ca or because of 
amelioration of Al toxicity by Ca^ ^ (Kinraide and Parker, 1987; Rengel and 
Zhang, 2003). More recently, phosphoinositide mediated signal fransduction 
pathway involving Ca as an infracellular messenger, has been investigated as 
a primary site of Al toxicity in plant cells (Jones et al, 1995). One of the most 
significant effects of Al toxicity on plants is inhibition of cell wall relaxation 
(Cosgrove, 1997) and thereby Al^ ^ interacts and affects the cell wall 
components (Schmohl and Horst, 2000; Blarney, 2001), in particular displace 
Ca^ ^ that occupy critical sites in the apoplasm which is responsible for the 
observed toxicity symptoms (Reid et al, 1995; Ryan et al, 1997). Calcium 
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transport into root is more intensive at the root apex, which is also the primary 
site of Al accumulation and toxicity (Taylor, 1988). Therefore, the interactions 
between Al and Ca could probably the most important factors affecting Ca 
uptake and transport in plants grown in acid soils (pH <5.5). Concentration of 
Ca decreased in shoot and root of wheat by elevated level of Al (Jones et al, 
1998). It was also found that Ca and Mg accumulation in plants is depressed by 
Al much more significantly than the uptake of other important mineral 
nutrients (Rengel and Robinson, 1989). Moreover, Al^ ^ can also effectively 
inhibits Ca transport into roots, algal cells, protoplasts and membrane vesicles 
by blocking Ca^ ^ and K^  channels (Huang and Vitorello, 1996). However, 
excess Ca inhibits the uptake of Mg because of strong competitive interaction 
between Ca and Mg (Van Ocene, 1998). 
Some of biochemical and physiological processes affected by Al-Ca 
interactions are: (i) disruption of cytoplasmic Ca^ ^ and pH homeostasis (Ma et 
al, 2002) (ii) decreased the activity of H -^ATPase in the plasma membrane 
coupled to depolarization of the plasma membrane (Ahn et al., 2001, 2002), 
(iii) accumulation of callose (Ahn et al., 2002; Collet et al, 2002) and (iv) 
alteration of the cytoskeleton dynamics (Schwarzerova et al., 2002). 
Aluminium alters the cytoskeleton system by acting either directly on the 
cytoskeleton elements or indirectly through Ca^ ^ related signaling cascades 
mediated by increased depolarization of microtubules and microfilaments in 
Zea mays cells (Bokros et al., 1996). In root cells of Glycine max, Al induced 
an increase in rigidity of actin network (Grabski and Schindler, 1995). Al binds 
more strongly to pectin than does Ca , because Ca plays a key role in cross-
linking the pectin materials in the cell wall (Blamey, 2001), where 
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displacement of pectin-bound Ca would inevitably alter physical properties of 
the cell wall, including extensibility, rigidity and permeability (Horst, 1995; 
Blamey, 2001). These interactions between Ca and pectin would be 
detrimental to cell division as well expansion. Ca^ ^ played an ameliorative role 
in Al toxicity by decreasing the activity of AP^ at the surface of plasma 
membrane forming a shield or neutralizing charges at the surface of plasma 
membrane (Horst, 1995; Kinraide, 1998). It was suggested that calmodulin, the 
74-
intracellular Ca binding protein acts as a target for Al binding (Haug, 1984) 
and it binds to many different proteins implicated in diverse physiological 
processes including cation transport, cytoskeletal rearrangements and cell 
division, phytohormone and phospholipid signaling, disease resistance 
(including oxidative burst) and ultimately provide tolerance to different stresses 
(Snedden and Fromm, 2001; Luan et al., 2002; Reddy et al., 2002). It has been 
found that the induction of callose (i3-l,3-glucan) synthesis is a sensitive 
marker of Al toxicity (Horst et al., 1997). Rengel (1992) proposed that callose 
synthesis in plants required an elevated level of cytosolic Ca and several 
metals including Al are known to induce callose synthesis in roots with in 30 
min providing a concrete link between Al stress and changes in cytosoic Ca'^ .^ 
Moreover, callose is accumulated in the cell wall around plasmodemata in 
response to the damage caused by Al in the roots of various plants (Mosser-
pietraszewska, 2001). Larsen et al. (1996) observed that callose deposition was 
increased in roots of wild-type Arabidopsis seedling by increasing Al 
concentrations which blocked the cell to cell transport by blocking 
plasmodesmata (Sivaguru et al, 2000). It was reported that the increased Al 
accumulation caused growth inhibition and callose deposition in a narrow zone 
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(apical 2 mm segment) of root in T. aestivum, Zea mays (Sivaguru and Horst, 
1998), Cucumis pepo (Ahn et al, 2002) and Triticum turgidum (Frantozious et 
al., 2001). Aluminium toxicity and/or calcium deficiency also caused 
peroxidation of membrane lipids and inhibition of root elongation due to stress 
related production of highly toxic oxygen free radicals. Oxidative stress causes 
an increased level of cytosolic Ca^ ^ in plant cells (Cessna and Low, 2001) 
probably by enhancing the activity of hyperpolarisation activated Ca ^ channels 
in the plasma membrane (Lecourieux et al., 2002) and/or Ca^ ^ permeable non 
selective cation channels (Demiadchik et al., 2003), thereby facilitating the 
7-4-
influx of apoplastic Ca into the cell. Aluminium also caused an increase in 
cytosolic Ca^ * (Ma et al, 2002) and induced oxidative stress due to disruption 
of mitochondrial function (Yamamoto etal, 2002). 
Brassinosteroids 
EJrassinosteroids (BRs) represent a new class steroidal growth promoting 
plant hormone with structure similar to animal steroidal hormones ecdysteroids 
and have a wide occurrence in plant kingdom (Bajguz and Tretyn, 2003). 
Brassinosteroids have been found to be involved in a wide array of biological 
activities in plants. They are involved in diverse physiological processes 
including seed germination, stem elongation, pollen tube growth, leaf bending 
and epinasty, root growth inhibition, induction of ethylene biosynthesis, proton 
pump activation, nucleic acid and protein synthesis, xylem differentiation, 
regulation of gene expression and senescence (Clouse and Sasse, 1998; Sasse, 
2003; Khripach et al, 2003). 
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At present, more than 70 analogues of BRs have been reported in plants 
(Hayat and Ahmad 2003a). Among these analogues brassinolide, 24-
epibrassinolide and 28-homobrassinolide are known to have economical impact 
on plant metabolism, growth and productivity and show more stability under 
field conditions (Khripach et ah, 2000). Distribution of BRs is not uniform 
throughout the plant body though young growing tissues have collectively a 
large share than the mature tissues (Yokota and Takahashi, 1986). However, 
BRs are present in all parts of plants including leaves, roots and also in 
cotyledons of seeds where they integrate various aspects of growth and 
development (Bajguz and Tretyn, 2003). 
It was reported that the exogenous application of BRs to plants could 
have a {growth promoting effects (Sakurai and Fujioka, 1993). Application of 
BRs activated the germination process in Brassica napiis (Chang and Cai, 
1988), rice (Dong et al., 1989), wheat (Sairam et al, 1996; Hayat et al, 2003), 
groundnut (Vardhini and Rao, 1997), tomato (Vardhini and Rao, 2000), and 
tobacco (Leubner-Matzger, 2001). Moreover, the soaking of the seeds of 
chickpea in HBL and/or potassium also enhanced the process of germination, 
where the combined treatment was more effective (Ali et al, 2005). BRs also 
favoured germination and the growth of seedlings of Eucalyptus (Sasse et al., 
1995) and rice under saline conditions (Anuradha and Rao, 2001). BRs were 
found to reverse the inhibitory effect of ABA on germination and seedling 
growth in BR-deficient biosynthesis mutant det2-l of Arabidopsis (Steber and 
McCourt, 2001). Moreover, application of 24-epibrassinolide and 28-
homobrassinolide also played an effective role in increasing the percentage of 
germmation and seedling growth of Eucalyptus cumaldulensis (Sasse et al., 
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1995), groundnut under saline condition (Vardhini and Rao, 1997) and 
sorghum under osmotic stress (Vardhini and Rao, 2003). 
28-homobrassinolide applied to the foliage increased fresh and dry mass 
of mustard (Hayat et al., 2000, 2001a) and 24-epibrassinolide enhanced plant 
height, root and shoot length, their fresh and dry mass of Arachis hypogea 
(Vardhini and Rao, 1998). Moreover, the growth promoting properties of BRs 
has been ascertained by using brasisnosteroids biosynthetic mutants and 
brassinosteroids insensitive mutants of Arabidopsis thaliana , Pisum sativum 
and tomato ((Nomura et al, 1997; Szekeres et al, 1999; Koka et al, 2000). All 
these mutants showed reduced growth which was successfully reversed by the 
exogeneous application of BRs. BRs also influence the cell division and 
consequently leaf size, leaf anatomy and stomatal frequency (Arteca and 
Arteca, 2001; Schluter e? a/., 2002). 
Total chlorophyll content or its fraction increased in the leaves of wheat 
and mustard (Braun and Wild, 1984), maize (Shen et al, 1990), mung bean 
(Bhatia and Kaur, 1997) and mustard (Hayat et al, 2001a), cucumber (Yu et 
al, 2004) by foliar application of 28-homobrassinolide/epibrassinolide. 
However, presoaking treatment of BRs also increased the chlorophyll contents 
in leaves of rice (Wang, 1997), mustard (Hayat and Ahmad, 2003 b) and 
mungbean (Fariduddin et al, 2003). Similarly BRs increases the chlorophyll 
content in rice under salinity stress (Anuradha and Rao, 2003), wheat under 
high temperature (Kulaeva et al, 1991), Brassica juncea under salinity sttess 
(Ali et al, 2007) and mungbean (Abdullahi et al, 2003; Ali et al, 2008) under 
aluminium. 
Among the processes limiting plant growth and productivity, the most 
significant one is photosynthesis. Several studies have shown that 
photosynthetic efficiency of many plants is enhanced by brassinosteroids. 
Aqueous solution of 28-homobrassinolide (HBL), applied to the foliage of 
wheat and mustard (Sairam, 1994; Hayat et ai, 2000, 2001a) or a presoaking 
treatment to mungbean (Fariduddin et ai, 2003) enhanced the net 
photosynthetic rate. Estimation of cell membrane thermostability in plants 
based on measurements of electrolyte leakage has become a widely accepted 
method of estimating cell viability (Sibley et ai, 1999). Electrolyte leakage 
from cells can occur as a resuh of changes in membrane permeability under 
stress conditions (Ingram and Buchanan, 1981). The treatment of BRs reduces 
the ionic leakage under stress conditions. 24-epibrassinolide reduced 
electrolyte leakage during chilling stress in rice (Wang and Zang, 1993). BRs 
also improved the resistance against chilling stress which was attributed to be 
mediated by membrane stability and osmoregulation (Wang and Zang, 1993). 
Application of 28-homobrassinolide also decreased the per cent membrane 
injury (increased membrane stability) in wheat (Sairam, 1994), wheat and 
maize (Kulaeva et ah, 1991; Shen et al., 1990). It has been reported that the 
soaking of the seeds in HBL resulted in significant increase in the relative 
water content (Ali et al., 2005). Likewise, exogenous application of BRs 
increased relative water content in mustard under drought stress (Fariduddin et 
a/.,2009b) and mustard under cadmium and copper stress (Hayat et al., 2007, 
Fariduddin et ai, 2009a). 
The activity of the enzyme carbonic anhydrase (E.G. 4.2.1.10) that 
catalyses the interconversion of CO2 and HCO3 is also affected by BRs in the 
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plants growing under abiotic stress (Ali et aL, 2008, Fariduddin et ai, 2009a & 
b). Application of HBL increased the activity of the carbonic anhydrase in 
mustard under copper stress (Fariduddin et aL, 2009a), Brassica j'uncea under 
cadmium stress (Hayat et aL, 2006) and mungbean under aluminium stress (Ali 
et aL, 2008) The reduction of nitrate, absorbed by roots is initially catalyzed by 
nitrate reductase (E.G. 1.6.6.1) located into the cytosol of cell, which reduces 
nitrate to nitrite. The produce is then carried to chloroplast where nitrite 
reductase (E.G. 1.7.7.1) catalyzes its further reduction to ammonia, the state in 
which it is metabolized. The level of nitrate reductase is the known rate 
limiting step of the whole reduction process and is regulated by a number of 
external and internal factors, one of these is the concentration of 
brassinosteroids whose elevations by exogenous application may induce a shift 
in NR level. BRs increased the activity of NR in the plants of Brassica j'uncea 
under cadmium,nickel and copper stress (Hayat et aL, 2007; Alam et aL, 2007; 
Fariduddin e^  a/., 2009a). 
A common consequence of most abiotic stresses, including salinity 
(Sairam et aL, 2005) and heavy metals (AI) (Richard et aL, 1998; Darko et aL, 
2004) is an increased production of reactive oxygen species (ROS). Exogenous 
application of BRs modified the activities of antioxidant enzymes under 
various biotic and abiotic stresses (Ozdemir et aL, 2004), including heavy 
metal stress. 
BRs increased the activity of antioxidant system (catalase, peroxidase, 
superoxide dismutase) by the formation of free radicals in rice grown under sah 
stress (Nunez et aL, 2003), B. juncea under cadmium stress (Hayat et aL, 
2007), mungbean under Al stress (Ali et aL, 2008). BRs treatment enhanced the 
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activity of catalase which scavenges H2O2 by converting it into H2O and O2. 
However, in contradiction to the above BRs reduced the activity of peroxidase 
and accumulation of H2O2 in plants (Apel and Hirt, 2004), Sorghum grown 
under osmotic stress (Vardhini and Rao, 2003). 
The increase in lipid peroxidation (TBARS) is a precise indicator of 
general oxidative damage. TBARS formation was caused by oxidative 
degradation of polyunsaturated fatty acids, in particular linolenic acid, since 
most of the linolenic acid in leaves is localized in the thylakoid glycolipids. 
TBARS formation in leaves is a good measure for peroxidative damage to 
chloroplast membrane (van Hasselt et al, 1996). BRs are also reported to 
modify the membrane structure/stability under stress conditions (Hamada, 
1986). Moreover application of HBL increased the activities of superoxide 
dismutase and peroxidase and decreased membrane lipid peroxidation in rice 
(Chen et al, 1997). Likewise Brassica juncea treated with epibrassinolide 
under salinity and nickel stress exhibited decreased peroxidation of membrane 
lipids (Alie/a/., 2008). 
The amino acid proline, under stress conditions acts as osmoprotectant 
(Hartzendorf and Rolletschek, 2001), membrane stabilizer (Bandurska, 2001) 
and ROS scavenger (Matysik et al., 2002). Increased proline level has been 
reported in rice under chilling stress (Wang and Zang, 1993), sorghum under 
osmotic stress (Vardhini and Rao, 2003), mustard (Hayat et al, 2006) and 
chickpea (AH et al, 2007) under NaCl stress and Brassica juncea under 
cadmium and copper stress (Hayat et al, 2007; Fariduddin et al, 2009a) were 
observed by the application of brassinosteroids. 
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BFLs also enhanced tolerance of mustard plants to water stress and 
cadmium (Hayat et al., 2007; Fariduddin et al., 2009b), nickel (Alam et al., 
2007), aluminium (AbduUahi et al, 2003) and protected the chickpea plants 
from cadmium toxicity (Hasan et al, 2008). The enhanced resistance in these 
investigations was mainly attributed to the elevated antioxidant system. 
The available literature reviewed by me, reveals that BRs have been 
implicated in wide array of physiological responses in plants. In addition to its 
role in general growth and development BRs also conferred tolerance against 
osmotic, temperature and heavy metal stress. However, the role of BRs and 
calcium in amelioration of Al stress remain elusive. Therefore, this study was 
planned to study the ameliorative role of 24-epibrassinolide and calcium in 
Cucumis sativus grown under aluminium stress. 
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MATERIALS AND METHODS 
Proposed Study 
A sand culture experiment was conducted on Cucumber (Cucumis 
sativus L. var. Summer best) in 2008 to study the interactive effect of 24-
epibrassinolide and calcium on the some specific changes induced under 
aluminium stress. 
Sand washing 
Sand culture was prepared to achieve dependable results, therefore, to 
make it free from impurities it was left overnight in 20% hydrochloric acid. 
Washing was done on the next day under running tap water several times to 
make it acid free. At last, it was washed three times with deionised water and 
dried in sunlight. An equal quantity of this pure sand was filled in plastic pots 
of 3 inch size. 
Seed 
The seeds of cucumber {Cucumis sativus L. var. Summer best) were 
purchased from a seed vendor at Aligarh, India. The healthy seeds were surface 
sterilized with 0.01% hypochlorite solution followed by repeated washing with 
double distilled water (DDW). 
Hormone preparation 
24-epibrassinolide (EBL) was obtained from Sigma Aldrich Chemicals 
Pvt. Ltd. India. A stock solution of EBL (1.0|iM) was prepared by dissolving 
required quantity of the hormone in 5 cm^ of ethanol in a 100 cm" volumetric 
flasks and final volume was made up to the mark by using DDW. The desired 
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concentration of EBL was prepared by the dilution of stock solution and 
Tween-20 (5%) was used as surfactant at the time of treatment. 
Source of Aluminium (Al) and Calcium (Ca) 
AICI3 was used as the source of Al and CaCl2 was used as the source of 
Ca. The required concentrations of Al and Ca were prepared by dissolving the 
requisite amount in DDW. 
Experiment 
The surface sterilized seeds were soaked for 12 h in different 
concentration of Al (1.0 or 10 mM), EBL (l.OfiM) and Ca (1 mM) and the 
seeds were sown in acid washed sand moistened with deionized water in cups 
of 3 inch diameter. Each treatment had three replicates and three plants were 
maintained in each cup. These cups were kept in a plant growth chamber 
(MAC Plant Growth Chamber, New Delhi, India) illuminated by incandescent 
light with day/night temperature of 30/22°C on a 12 h photoperiod with relative 
humidity of 75±2%. The seeds were allowed to germinate and after the 
germination the seedling were supplied with full nutrient solution (Hewitt, 
1966) from 3^^ days after sowing (DAS) onward. To maintain the proper supply 
of nutrients, 10 cm^ of nutrient solution was administered daily throughout the 
duration of the experiment. The plants were allowed to grow for one month. 
The plant samples were harvested at 30 DAS to assess the morphological and 
biochemical parameters. The mode of treatment was as follows: 
1. Control (DDW soaking - 12 h) 
2. EBL (4 h) + (DDW) (8 h) 
3. Ca (4h) + (DDW) (8 h) 
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EBL (4 h) + Ca (4 h) + (DDW) (4 h) 
1 mM) (4 h) + (DDW) (8 h) 
10mM)(4h) + (DDW)(8h) 
1 mM) (4 h) + EBL (4 h) + (DDW) (4 h) 
1 mM) (4 h) + Ca + (DDW) (4 h) 
1 mM) (4 h) + EBL (4 h) + Ca (4 h) 
10 mM) (4 h) + EBL (4 h) + DDW (4 h) 
10 mM) (4 h) + Ca (4 h) + DDW (4 h) 
10 mM) (4 h) + EBL (4 h) + Ca (4 h) 
Standard stock solution; Macro and Micronutrients (Hewitt, 1966) 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
 
Al( 
Al( 
Al( 
Al( 
Al( 
Al( 
Al( 
Al( 
Macronutrients 
Ca(N03)2 
KNO3 
MgS04.7H20 
NaH2P04.2H20 
FeCgHjOy-SHsO 
Micronutrients 
MnS04.4H20 
CUSO4.4H2O 
ZnSCU.VHzO 
H3BO3 
(NH)6M07.024.4H20 
Quantity (g/100 cm^ 
32.8 g 
20.8 g 
18.4 g 
20.8 g 
4.98 g 
2.23 g 
0.25 g 
0.29 g 
1.86 g 
0.08 g 
Note: Nutrient solution prepared from stock by its dilution. 
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Macronutrients Volume (cm /^lOOO cm )^ 
Ca(N03)2 2.00 
KNO3 2.00 
MgS04.7H20 2.00 
NaH2P04.2H20 1.00 
FeC6H507.3H20 0.58 
Micronutrients 
0.1 cm^ of each stock solution was taken and finally diluted tol.O L with DDW. 
Parameters studied 
1. Fresh mass plant'' 
2. Dry mass plant'' 
3. Shoot length plant'' 
4. Root length plant'' 
5. Electrolyte leakage in leaves 
6. Membrane stability index in leaves 
7. Net photosynthesis rate in leaves 
8. Stomatal conductance in leaves 
9. Internal CO2 concentration in leaves 
10. Photosynthetic water use efficiency in leaves 
11. Chlorophyll content (SPAD value) in leaves 
12. Leaf water potential 
13. Lipid peroxidation in leaves 
14. Hydrogen peroxide content in leaves 
15. Aluminium uptake in root 
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16. Peroxidase activity in leaves 
17. Catalase activity in leaves 
18. Superoxide dismutase activity in leaves 
19. Proline content in leaves 
20. Protein content in leaves 
21. Nitrate content in leaves 
22. Total soluble sugar in leaves 
23. Nitrate reductase activity in leaves 
24. Carbonic anhydrase activity in leaves 
25. Nitrogen content in leaves 
26. Phosphorus content in leaves 
Determination of growth parameters 
The following methods were adopted to assess the following growth 
parameters 
Shoot and root length plant"* 
One plant from each replicate was taken and length of shoot was 
measured in cms scale. 
Fresh and dry mass of plant 
Fresh mass of the plant was determined with the help of electrical balance. 
The plant samples were kept in an oven run at 60°C for 24 h. After 24 h, the 
samples were weighed on electrical balance to ascertain their dry mass. 
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Electrolyte leakage 
l^ he total inorganic ions leaked out in the leaves were measured by the 
method described by Sullivan and Ross (1979). 
Twenty leaf discs were taken m a boiling tube containing 10 cm of 
deionized water. The contents were heated at 45°C (ECa) and SS'^ C (ECb) for 30 
min each in water bath and respective EC were measured by conductivity 
meter. Later the contents were boiled at 100°C for 10 min and the EC was 
again recorded as ECc. The electrolyte leakage was calculated by using the 
formula: 
ECb - ECa 
Electrolyte leakage (%) = x 100 
EC, 
Membrane Stability Index (MSI) 
MSI was estimated by taking 200 mg leaf material in 10 cm^ of DDW in 
two sets. One set was heated at 40*'C for 30 min in a water bath and the 
electrical conductivity Ci was measured by a conductivity meter. Second set 
was boiled at lOOT on a boiling water bath for 10 min and its conductivity was 
also measured by conductivity meter as C2. MSI was calculated using the 
formula described by Sairam (1994) 
MSI = [l-(C,/C2)xl00] 
Leaf water potential 
The leaf water potential was measured with the help of PSYPRO Water 
Potential System (Wescor Inc.USA). 
28 
Lipid peroxidation 
Lipid peroxidation rates were estimated by measuring the 
malondiialdehyde equivalent according to Hodges et al. (1999). 0.5 g of leaf 
was homogenized in a mortar with 80% ethanol (Appendix 8.1). The 
homogenate was centrifuged at 3000 rpm for 10 min at 4°C. The pellet was 
extracted twice with same solvent. The supematants were pooled and 1 cm of 
this sample was taken in a test tube with an equal volume of the solution 
comprised of 20% trichloroacetic acid (Appendix 8.2). 0.01% butylated 
hydroxy toluene (Appendix 8.3) and 0.65% thiobarbutyric acid (Appendix 8.4). 
Sample was heated at 95''C for 25 min and cooled at room temperature. 
Absorbance of the samples was recorded at 440, 532 and 600 nm. Lipid 
peroxidation rates equivalent were calculated by using the formula given by 
Hodges et al. (1999) and expressed as (n mol malondialdehyde cm''). 
1) [(Abs532 + TBA) - (Abs6oo + TBA)] - [(Abs532 - TBA) - (Absgoo - TBA)] = A 
2) [(A440 + TBA) - (A600 + TBA)] x 0.0571 = B 
A - B A-B 
3) 
4) 
C = X 10^  
157x10^ 
MDA = C X 3 
orC = 
157 
X 10^  
Aluminium uptake 
Hematoxylin staining was used for determination of Al uptake in root 
(Ownby, 1993). Freshly harvested roots after washing in distilled water for 15 
min were stained with 0.2% hematoxylin (Appendix 7.1) and 0.02% KIO3 
(Appendix 7.2) solution for 15 min at room temperature. After washing with 
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distilled water for 15 min, 10 root tips (5 mm) were excised and soaked in 200 
cm of IM HCl for 1 h. The optical density of released stain was measured at 
490 nm by using spectrophotometer. Standard curve was plotted by using 
known graded concentration of AICI3 (Aluminium chloride solution) and the 
amount of aluminium uptake was expressed as \ig g"'FM. 
H2O2 content 
The H2O2 content was measured by the method of Jana and Chaudhuri 
(1981). H2O2 was extracted by homogenizing 0.5g plant sample with 3 cm of 
50 mM phosphate buffer (pH 6.8) (Appendix 14.1). The homogenate was 
centrifuged at 6,000 g for 25 min. 3 cm^ of the above extract was taken and 
mixed with 1 cm^ of 0.1% titanium chloride in 20% (v/v) H2SO4 (Appendix 
14.2) and the mixture was then centrifuged at 6,000 g for 15 min. The 
absorbance of the supernatant was measured at 410 nm by using 
spectrophotometer. The amount of H2O2 was calculated from the standardized 
H2O2 curve. The H2O2 content was computed on fresh mass basis. 
Nitrate reductase activity 
7^ he activity of nitrate reductase was measured following the method laid 
down by Jaworski (1971), in fresh leaf samples. The leaves were cut into small 
pieces (1 cm ). 200 mg of these chopped leaves were weighed and transferred 
to plastic vials. To each vial, 2.5 cm^ of phosphate buffer (pH 7.5) (Appendix 
7.5) and 0.5 cm^ of potassium nitrate (Appendix 1.2) solution was added 
followed by the addition of 2.5 cm'^  of 5% isopropanol (Appendix 1.3). These 
vials were incubated in a BOD incubator for 2 h at 30±2*'C in dark. 0.4 cm^ of 
incubated mixture was taken in a test tube to which 0.3 cm each of 
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sulphanilamide (Appendix 1.4) solution and NED-HCl (Appendix 1.5) were 
added. The test tube was left for 20 min for maximum colour development. The 
mixture was diluted to 5 cm with DDW. The absorbance was read at 540 nm 
on spectrophotometer. A blank was run simultaneously with each sample. 
Standard curve was plotted by using known graded concentrations of NaN02 
(sodium nitrite) solution. The absorbance of each sample was compared with 
that of the calibration curve and nitrate reductase activity [n mole NO2 g'' (FM) 
s'^ ] was expressed on fresh mass basis. 
Carbonic anhydrase (CA) activity 
The activity of carbonic anhydrase in the leaves was measured by the 
method described by Dwivedi and Randhava (1974). The fresh leaf samples 
were cut into small pieces at a temperature below 25°C. 200 mg of these pieces 
were weighed and transferred to petriplates. The leaf pieces were cut further 
into smaller pieces in 10 cm^ of 0.2M cystein hydrochloride (Appendix 2.1) 
and left at 4°C for 20 min. The leaf pieces were blotted and transferred to a test 
tube containing 4 cm of phosphate buffer of pH 6.8 (Appendix 2.2). To this 
test tLibe, 4 cm of 0.2M sodium bicarbonate (Appendix 2.3) solution and 0.2 
cm^ of 0.002% bromothymol blue (Appendix 2.4) was added. The test tube 
was shaken gently and left at 4°C for 20 minutes. CO2 liberated by the catalytic 
action of CA on NaHCOs was estimated by titrating the reaction mixture 
against O.OIN HCl (Appendix 2.6) using methyl red (Appendix 2.5) as 
indicator. In each sample the quantity of HCl used to neutralize reaction was 
noted and difference was calculated. A blank consisting of all the above 
components of reaction mixture, except the leaf sample, was run 
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simultaneously with each set of samples. The activity of the enzyme was 
calculated by putting the values in the formula. 
V X 22 X N 
CA= [mol (CO2)kg' (leaf F.M.) s"'] 
W 
V = difference in volume (cm^ of HCl used in control and test sample 
during titration) 
22 •= equivalent weight of CO2 
N = Normality of HCl 
W = Fresh mass of tissue used 
Proline content 
The proline content in fresh leaves was estimated following the 
procedure adopted by Bates et al. (1973). 0.5 g of fresh leaf sample was 
homogenized in a mortar with 5 cm"' of 3% sulphosalicyclic acid (Appendix 
5.1). The homogenate was filtered and collected in a test tube with two 
washings with 5 cm of sulphosalicyclic acid. 2 cm each of glacial acetic acid 
and acid ninhydrin (Appendix 5.2) was added to the above extract. This 
mixture was heated in boiling water bath for 1 h. The reaction was terminated 
by transferring the test tubes in an ice bath. 4 cm of toluene was mixed to the 
reaction mixture with vigorous shaking for 20-30 s. The chromophore (toluene) 
layer was aspirated and warmed to room temperature. The absorbance of red 
colour was read at 520 nm against a reagent blank. The amount of proline in 
the sample was calculated by using a standard curve prepared from pure proline 
(range 0.1 - 36 ji mol) and expressed on fresh mass basis. 
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1^  g proline cm'^  x cm'^  toluene 
|j, moles of proline g'' tissues = 
115.5 g (sample) 
where 115.5 is the molecular mass of proline. 
Soluble sugar content 
Soluble sugar content was estimated by the method of Dey (1990). 100 
mg of fresh leaf sample was taken and homogenated to which 10 cm^ of 90% 
ethanol (Appendix 3.1) was added. The mixture was incubated at 60*'C for 1 h. 
Final volume was made up to 25 cm with ethanol. From this, 1 cm aliquot 
was taken and 1 cm of 5% phenol (Appendix 3.2) was added to it and mixed 
thoroughly. 5 cm of sulphuric acid was added to the reaction mixture, which 
was then cooled in air. Optical density of the solutions was measured at 485 nm 
on a spectrophotometer. The corresponding concentration of sugar was 
determined against the standard curve of sugar prepared by glucose (C6H12O6) 
solution. The amount of sugar was expressed as |ig g' FM. 
Nitrate content 
The nitrate content in leaves was estimated following the method of 
Singh (1988). 
200 mg of oven dried powder was macerated with 16 cm^ of 2% acetic 
acid (Appendix 4.1) in a mortar with the help of pestle. 0.5 cm^ of this mixture 
was tiiken in a test tube to which 9.5 cm^ of DDW was added. To this solution, 
0.5 g of powdered mixture (Appendix 4.2) was added followed by immediate 
shaking. The solution turned pink which was filtered and absorbance was read 
at 540 nm. A blank was run simultaneously with each set of samples consisting 
of all the above components except the leaf material. The standard curve was 
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plotted by using known, graded dilution of potassium nitrate solution. The 
absorbance of each sample was compared with that of the calibration curve and 
nitrate content was computed [m Mol g"' DM] on dry mass basis. 
Estimatation of superoxide dismutase, peroxidase and catalase 
500 mg of leaf tissue was homogenized in 5 cm of 50 mM phosphate 
buffer (pH 7.0) (Appendix 11.1) containing 1% polyvinylpyrrolidone. The 
homogenate was centrifiiged at 15,000 rpm for 10 minutes at S^ 'C and the 
supernatant obtained was used as extract for SOD, POX and CAT. 
Superoxide dismutase (SOD) 
The activity of SOD was measured by the method of Beauchamp and 
Fridovich (1971). 3.0 cm of reaction mixture was made containing 1.0 cm of 
50 mM phosphate buffer (pH 7.0) (Appendix 11.1), 0.5 cm^ of 13 mM 
methionine (Appendix 11.2), 0.5 cm^ of 75 mM NBT (Appendix 11.3), 0.5 cm^ 
of 2 niM riboflavin (Appendix 11.4), 0.5 cm^ of 0.1 mM EDTA (Appendix 
11.5) and 0.1 cm of enzyme extract . Riboflavin was added in the last. The 
absorbance of the reaction mixture was read at 560 nm on a spectrophotometer. 
Peroxidase (POX) 
The activity of POX was assayed by adopting the method of (Chance 
and Maehly, 1956). 3.0 cm^ of pyragallol phosphate buffer (Appendix 10.1) 
and 0.1 cm^ of enzyme extract, 0.5 cm^ of 1% H2O2 (Appendix 10.3) were 
mixed in a cuvette and change in absorbance at 20s interval for a period of 3 
min was read at 420 nm on a spectrophotometer. The control set was prepared 
by using DDW instead of enzyme extract. 
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Catalase (CAT) 
The estimation of CAT was done by permagnate titration method 
(Chance and Maehly, 1956). For estimation of catalase 3.0 cm^ of phosphate 
buffer ([pH 6.8) (Appendix 9.1), 1.0 cm^ of H2O2 (Appendix 9.2) and 1.0 cm^ 
of enzyme extract were mixed and this mixture was incubated at 25°C for 1 
min. After incubation 10 cm^ of H2SO4 (Appendix 9.3) was added to the 
reaction mixture. The mixture was titrated against O.IN potassium permagnate 
(Appendix 9.4) to estimate the residual H2O2 until a joint purple colour persists 
for at least 15 s. Similarly, a control set was maintained in which the enzyme 
activitj>^  was stopped by the addition of H2SO4 prior to the addition of enzyme 
extract. 
Chlorophyll content 
The SPAD chlorophyll in the fresh leaf samples was measured by using 
Minolta (SPAD) chlorophyll meter (SPAD-502) (Konica Minolta Sensing Inc., 
Japan). 
Photosynthetic measurements 
The photosynthetic parameters (photosynthetic rate, stomatal 
conductance, water use efficiency, internal CO2 concentration, and 
transpiration rate) were measured by using portable photosynthesis system (LI-
COR 6400, Lindon, USA). The measurements were made on uppermost fully 
expanded leaves of the main branch of plants between 11 to 12h under clear 
sun light. 
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Chlorophyll fluorescence 
The fluorescence parameter was measured on the upper surface of the 
leaf by using portable photosynthesis system (LI-COR 6400, Lincoln, NE, 
USA). Prior to measurements of fluorescence, plants were left for 30 min to 
dark adaptation at room temperature. Chlorophyll molecules were excited for 
10s by actinic light with a photon flux density of 40 ji mol m"^  s"'. The 
photochemical efficiency of PS II (Fv/Fm) was measured in intact leaves of 
plants. 
Protein content 
The total protein content in leaves was estimated by adopting the 
method of Lowery et al. (1951). 50 mg of the oven dried leaf power was 
homogenized with pestle and mortar with the addition of 1 cm^ of 5% 
trichloroacetic acid (Appendix 6.1). The mixture was transferred to a glass 
centriliige tube with repeated washing with 5% trichloroacetic acid (Appendix 
6.1) to make the final volume 5 cml The mixture was centrifuged at 4,000 rpm 
for 15 min and the supernatant was discarded. 5 cm of 1 N NaOH (Appendix 
6.2) was added to the residue. The tube was left in a water bath for 30 min at 
60°C. After cooling for 15 min, the mixture was centrifuged at 4,000 rpm for 
15 rnin. The supernatant was collected in 25 cm^ volumetric flask with repeated 
washings. Volume was made up to the mark by using IN NaOH (Appendix 
6.2) and used to estimate total protein content. 1.0 cm^ of above extract was 
transferred to a test tube and 5.0 cm^ of reagent C (Appendix 6.5) was added to 
it. The solution was shaken well and allowed to stand at room temperature for 
15 min. 0.5 cm^ of Folin-phenol reagent (Appendix 6.6) was added rapidly 
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with immediate mixing. The blue colour developed. The absorbance of this 
solution was read at 660 nm using spectrophotometer. A blank was run with 
each set of samples. The total protein content was calculated by comparing the 
absorbance of each sample with a calibration curve plotted by taking known 
graded concentrations of bovine albumin. 
Leaf nitrogen and phosphorus content 
50 mg of the oven dried powder was transferred to a digestion tube to 
which 2.0 cm^ sulphuric acid (AR grade) was added. The digestion tube was 
heated on a temperature controlled digestion assembly for 2 h to allow the 
complete reduction of nitrogen present in the material. After cooling the 
digestion tube 0.5 cm^ of 30% H2O2 was added drop by drop and the solution 
was heated again until the colour turns from black to light yellow. Again after 
cooling for 30 min an additional 3-4 drops of 30% H2O2 were added followed 
by heating for about 15 min. The process was repeated till the contents of 
digestion tube turned colourless. This digested material was transferred to a 50 
cm^ of volumetric flask after 2-3 washings. The final volume was made up to 
the mark by using DDW. 
Estimation of nitrogen 
The nitrogen content was estimated by the method of Lindner (1944). 10 
cm^ of the digested material was taken in a 50 cm^ volumetric flask and 
neutralized by adding 2.0 cm^ each of 2.5N NaOH (Appendix 12.1) and 1% 
sodium silicate (Appendix 12.2). Volume was made up to the mark using 
DDW. 5.0 cm^ of this sample was pipetted into a graduated test tube to which 
0.5 cm^ Nessler's reagent was added drop wise with repeated shaking. After 
37 
waiting for 5 minutes, to get optimum colour development, absorbance of 
solution was read at 525 nm on a spectrophotometer (Spectronic 20D, Milton 
Roy, USA). A blank consisting of Nessler's reagent and DDW was run 
simultaneously with each set of samples. Standard curve was plotted by using 
known, graded dilution of ammonium sulphate solution. The absorbance of 
each sample was compared with that of the calibration curve and per cent 
nitrogen, in each sample, was computed on dry mass basis. 
Estimation of phosphorus 
The method of Fiske and Subba Rao (1925) was used to estimate the 
total phosphorus in the digested material. 5.0 cm^ of aliquot was taken in a test 
tube to which 1 cm'' molybdic acid reagent (2.5%) (Appendix 13.1) and 0.4 
cm^ l-amino-2-naphthol-4-sulphonic acid (Appendix 13.3) were added. 
Volume was made up to 10 cm"' with DDW. The solution was shaken for 5 min 
for maximum colour development and subsequently transferred to a cuvette. 
The optical density was read at 620 nm on spectrophotometer. A blank was 
also run simultaneously. Standard curve was plotted using different dilution of 
potassium dihydrogen orthophosphate solution. The optical density was 
measured and the amount of phosphorus in the sample was determined. 
Statistical analysis 
The values for the parameters were subjected to statistical analysis, 
following the standard procedure described by Gomez and Gomez (1984). The 
ANOVA test was applied to assess the significance of the treatment, at 5% 
level of probability. Standard error of the replicates was also calculated. 
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RESULTS 
Growth Characteristics 
All the soaking treatments significantly affected the growth 
characteristics of the cucumber seedlings at 30 days after sowing (Table 1). It is 
evident from the table that the treatment of Aluminium given through the seeds 
(1.0 or lOmM) caused a sharp reduction in growth (fresh and dry mass, root 
and shoot length) of the seedlings. The higher concentration of Al (10 mM) 
proved to be more inhibitory and decreased the values of fresh and dry mass by 
44% and 33%; length of root and shoot by 53% and 37%, over the control, 
respectively . The growth of roots was more effected as compared to that of the 
shoot by the treatment of Al. However, the seedlings raised from the soaking 
treatment of EBL and /or Ca had significantly more values as compared to 
those which did not receive EBL and/or Ca. The interactive effect of EBL and 
Ca with the higher level of Al (lOmM) improved the values of growth 
characteristics which were (fresh and dry mass; root and shoot length) 34% and 
45%; 62% and 47% more than the stressed seedlings (lOmM), respectively. 
Chlorophyll fluorescence and SPAD chlorophyll 
Chlorophyll fluorescence was used as a non-invasive method to 
determine the fiinctional state of the photosynthetic machinery. Maximum 
efficiency of the photosystem II (Fv/Fm) decreased in the seedlings raised from 
the soaking treatment of Al (1.0 or lOmM). However, higher concentration of 
Al (lOmM) proved to be more fatal and reduced the efficiency of PSII by 25%, 
over the control (Table 2). Moreover, the follow up treatment with EBL and Ca 
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significantly improved the inhibitory effect of Al and raised the value by 23 % 
over the stressed seedlings (10 mM). 
The seedlings developed from the soaking treatment of seeds in Al 
(ImM or lOmM) had lower SPAD value as compared to the non-stressed 
seedling (Table 2). The higher concentration of Al (10 mM) proved to be 
injurious and reduced the value by 36% over the control. Moreover, the toxic 
effect generated by the lower concentration of Al (ImM) was completely 
overcome by the follow up treatment with EBL and/or Ca. 
Leaf M a^ter potential 
It was observed that the Al stress imposed by the soaking treatment 
caused a significant reducfion in the leaf water potential of the seedlings (Table 
2). The higher concentration of Al proved to be more injurious and reduced the 
water potential by 110%, over the non-stressed control. However, the treatment 
of EBL and /or Ca improved the leaf water potential of both stressed and 
unstressed seedlings. 
Photosynthetic parameters 
The soaking treatment of seeds with Al (ImM or 10 mM) caused a 
significant reduction in the photosynthetic parameters of the developed 
seedlings (stomatal conductance (gs), internal CO2 concentration (Ci), water use 
efficiency (WUE), transpiration rate (Tm) and net photosynthetic rate (PN) 
(Table 3 and 4). The stress of Al at higher concentration (10 mM) was more 
inhibitory and decreased the values of gs , Ci, WUE, Tm and PN by 49, 28, 64, 
53 and 48%, respectively, over the control. However, seedlings raised from the 
soaking treatment of EBL and Ca significantly enhanced the above parameters. 
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Moreover, the follow up treatment of EBL and Ca to the seeds already received 
Al (ImM) also proved fruitful and raised the values of gs, Ci ,WUE, Tm and 
PN by 27, 8, 53,21 and 50%, over the stressed seedling, respectively. 
Carbonic anhydrase (CA) 
The activity of CA was significantly decreased by the treatment of Al 
and decrease was proportional to the concentration of metal (Table 4). 
However, the seedlings developed from the interactive pre-sowing soaking 
freatment with EBL and Ca significantly elevated the activity of enzyme and 
was found to be 65% more than the control. The higher concentration of Al (10 
mM) was found to be more fatal and decreased the activity of enzyme by 28%, 
over the control. However, the interactive effect of EBL and Ca to the higher 
concentration of Al (10 mM) enhanced the activity of CA by 27% in 
compai'ison to sfressed seedlings (10 mM). 
Nitrate reductase (NR) 
The activity of NR in the seedlings was elevated by the soaking 
treatment of seeds in EBL and /or Ca (Table 5). The maximum activity of NR 
was found in the seedlings raised from the combined treatment of EBL and Ca. 
However, the activity of NR decreased in the seedlings which received Al 
(ImM or 10 mM) as seeds soaking treatment. Moreover, the combined follow 
up treatment of EBL and Ca improved the level of NR in the stressed seedlings 
and had 49 and 32% more values, over the stressed seedling (ImM or lOmM), 
respectively. 
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41 
Electrolyte leakage (EL) and membrane stability index (MSI) 
Electrolyte leakage and membrane stability index enables to assess the 
injury of cell membrane. The seedlings raised from soaking treatment of Al 
(ImM or 10 mM) in the presence or absence of EBL and Ca (Table 5) showed 
a different pattern of response to these parameters. The treatment of Al (ImM 
or lOmM) caused a significant increase in electrolyte leakage and maximum 
EL was observed in the seedlings developed from the seeds soaked in higher 
concentration of Al (10 mM). Moreover, the combined treatment of EBL and 
Ca fiirther decreased the ionic leakage in the stressed seedling. 
Furthermore, the exposure of the seeds to Al (ImM or lOmM) caused a 
significant decline in membrane stability index of the seedlings. However, the 
seedling raised from the interactive follow up treatment of stressed seeds with 
EBL and Ca improved the MSI and raised the values by 31% and 33% over the 
stressed controls (ImM or lOmM), respectively. 
Total protein and soluble sugar 
The total protein and soluble sugar content in the seedling decreased 
significantly with concentration of Al (ImM or 10 mM) (Table 6). However, 
the soaking treatment of seeds which already received treatment of Al (ImM) 
with E;BL and Ca and the developed seedlings had 25% and 33?/o more protein 
and sugar content, over the stressed seedlings, repectively and neutralized the 
ill effect generated by the lower concentration of Al (ImM). Moreover, the 
same combination (EBL + Ca) partially neutralized the toxic effect of higher 
concentration of Al. 
42 
Aluminium uptake 
The seedlings raised from the soaking treatment of seeds with Al (ImM 
or 10 mM) had 1.39 and 1.51% more Al uptake by the root tips (Table 6). 
However, the supplementation of EBL and /or Ca significant reduced the 
uptake of Al by the roots in the developed seedlings in comparison to stressed 
seedlings (1.0 or 10 mM). 
Nitrate content 
A sharp decrease was observed in the nitrate content in the leaves of 
the seedlings developed from soaking treatment of Al (ImM or 10 mM) (Table 
7). The seedlings raised from the soaking treatment with higher concentration 
of Al (10 mM) caused maximum reduction in nitrate content which had 49% 
lower content, over the control. 
Nitrogen and phosphorus content 
The content of nitrogen and phosphorus decreased with increasing 
concentration of Al (Table 7). The seedling developed from the soaking 
treatment of seeds with Al (ImM or lOmM) reduced the level of nitrogen by 
31 % and 52% and phosphorus by 29% and 60%, respectively, over the control. 
However, the treatment of EBL and /or Ca neutralized the toxicity generated by 
Al and improved their values to some extent. 
Proline content 
The level of proline increased in the seedlings that received Al, EBL and 
/or Ca as soaking treatment. Moreover, the seedlings raised from the seed 
soaked in Al and a follow up treatment with EBL + Ca possessed significantly 
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higher proline content and this increase was more prominent at the higher 
concentration of Al (lOmM) being 47% higher than the control. Interestingly, 
the interaction of EBL and Ca with Al significantly raised the value and 
overcome the toxicity generated by the metal. The seedlings which were 
soaked in water (control) possessed the lowest level of proline (Table 8). 
Lipid peroxidation 
The effect of Al stress on cell membrane integrity was determined by 
evaluating MDA (Malondialdehyde) content as an indicator of lipid 
peroxidation. As shown in the (Table 8) the MDA content increased with 
increasing concentration of Al. The maximum enhancement in the MDA 
contents was observed in the seedlings raised from the soaking treatment of Al 
at higher concentration (lOmM) which was 127% higher than the control. 
However, the interaction of EBL and / or Ca decreased MDA content 
significantly in the presence and absence of Al stress. The follow up treatment 
with EBL and Ca significantly improved the toxicity of Al (ImM or 10 mM) 
and reduced the values by 32% and 23 % over the stressed seedlings (ImM or 
lOmM) respectively. Moreover, the seedling developed from the soaking 
treatment with EBL and Ca possessed lowest MDA content. 
Antioxidant enzymes and H2O2 content 
The activities of antioxidant enzymes (viz. catalase, peroxidase and 
superoxide dismutase) were significantly elevated by Al and /or with follow up 
treatment with EBL and/or Ca treatments (Table 9). The activities of enzymes 
increased with an increase in the concentration of metal. Moreover, the 
seedlings raised from seed soaking with EBL also increased the activities of 
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enzymes and follow up treatment with EBL and Ca had an additive effect on 
the level of enzymes. The higher concentration of Al (10 mM) administered to 
seeds as soaking treatment and a follow up treatment with EBL and Ca 
trigged the maximum activities of enzymes (CAT, POX, SOD) and the values 
were 57, 167 and 138% more than the control, respectively. 
H2O2 content also significantly increased in the seedlings developed by 
soaking in Al (1 or lOmM) (Table 8). The maximum enhancement in the H2O2 
content was observed in the seedlings which were given higher concentration 
of Al and the value being 61% more than the control. However, follow up 
treatment with EBL and /or Ca decreased H2O2 content both under optimal and 
under Al stressed conditions. The lowest level of H2O2 was observed in the 
seedlings raised from the combined treatment of EBL and Ca. 
Cfidpter - 5 
2) idcuddion 
DISCUSSION 
The environmental degradation, promoted mainly by anthropogenic 
activity has imposed strong pressure on the quality and sustenance of 
ecosystems. The pollution of soil by a wide range of contaminants has become 
a matter of great concern for both plants and animal life. Among the 
contaminant, the elevated levels of the metals such as aluminium in the soil 
posing a threat to survival of plants. Generally, aluminium occurs naturally at a 
low concentration in the soil but its level has been steadily increasing due to the 
rapid industrialization which becomes more fatal in acidic condition due to 
availability of soluble form of metal. Once taken up by the plants, it imposes 
toxicity and thereby limiting crop production. Among the established class of 
phytohormones, brassinosteroids have been exploited to alleviate abiotic and 
biotic stresses in plants (Clouse and Sasse, 1998; Anuradha and Rao, 2001; Rao 
et al., 2002; Hayat et al., 2003). 
In the present study, seedling raised from the soaking treatment of seeds 
with aluminium (10 mM) exhibited a significant decline in the activities of 
carbonic anhydrase (CA) and nitrate reductase (NR) (Table 4 and 5). This 
might be due to inhibition and /or metabolic dysfunction of the enzyme protein 
(Hopkin, 1995). Furthermore, Al also affects the proper fiinctioning of 
plasmamembrane bound proton pump (Obata et al., 1996) and the fluidity of 
the membrane (Meharg, 1993), thereby restricting the uptake of nitrate (Table 
7), which act as inducer and the substrate of NR (Campbell, 1999). Low rate of 
nitrate uptake under Al stress could be well explained by the study of Lazaf ef 
al. (1994a) who demonstrated that disruption of nitrate uptake may be due to 
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internal binding of Al to membrane channel protein or other components of 
nitrate transport system that could be a possible reason for the decrease in the 
activity of NR. However, the toxic effect generated by Al (10 mM) could be 
overcome partially by a follow up treatment with EBL and Ca and the 
improved activity of NR might be due to the involvement of BRs in the process 
of transcription and/or translation (Khripach et al, 2003). The activity of CA, 
that catalyzes the interconversion of CO2 and HCO3, is regulated by several 
factors such as photon flux density, CO2 concentration, availability of Zn 
(Tiwari et al., 2005) and expression of genes encoding CA protein (Kim et al, 
1994). As mentioned earlier that Al interferes the structure and fluidity of 
plasma membrane (Detters et al, 1986), thereby reducing the uptake of Zn 
because Zn is an important cofactor of enzyme carbonic anhydrase and its 
availability affect the activity of enzyme CA. Moreover, Al binds tightly with 
DNA (Matasumoto et al, 1996) and therefore the expression of protein (CA) 
would be hampered due to disturbance in transcription and/or translation. 
The seeds fed with high concentration of Al (10 mM) and the resulting 
seedlings had reduced chlorophyll content (SPAD value) and efficiency of 
Photosystem II (Table 2) Al affects chlorophyll synthesis by inhibiting the 
activity of aminolevulinic acid dehydrogenase enzyme (ALA-D) responsible 
for the formation of monopyrrole porphobilogen which is a part of the 
chlorophyll molecules as well as the cytochromes (Pereira et al, 2006). The 
decrease in chlorophyll content by aluminium was the result of the degradation 
of thylakoid membrane in the chloroplast with consequent suppression in PS I 
mediated electron transport whereas electron flow and O2 evolution in PS II 
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were stimulated (Wavare et ai, 1983). However, the follow up treatment with 
EBL and Ca enhanced the level of chlorophyll (SPAD) value (Table 2). This is 
in agreement with the study of Ali et al. (2007) and Abdullahi et al. (2003) 
who demonstrated that the application of BRs improved the level of 
chlorophyll in mungbean under Al stress. Supplementation of Ca also increased 
the level of chlorophyll in strawberry under salinity stress (Kaya et al, 2002). 
The efficiency of PS II (Fv/Fm) is very prone to internal and external factors 
and used as an important tool to assess the impact of abiotic stress particularly 
heavy metal stress in plants. In the present study, Al (1 mM and 10 mM) 
treatmient reduced the efficiency of PS II (Table 2) which was presumed to be 
due to the perturbation on the acceptor side of PS II (Baron et al, 1995). 
Moreover, Moustakas et al. (1996, 1997) also observed that short term 
exposure of Al modified the ultrastructure of chloroplast and inhibited transport 
of electrons. Fv/Fm has also been reported to decrease in Lavender and 
rosemary under drought stress (Salvador and Baker, 2000). 
As Al interferes the proper functioning of photosynthetic apparatus 
(Akaya and Takenak, 2001) and also reduced stomatal opening (Haung and 
Vitorello, 1996) that resulted a decrease in internal CO2 concentration (Ali et 
al, 2007 and Table 3 and 4). Decrease in CO2 concentration would lead to 
enhanced reduction of PS I that resulted in depletion of NADP" pool which acts 
as an electron acceptor. Under these conditions, O2 can compete for electrons 
for PS I, leading to generation of reactive oxygen species (ROS) through the 
Mehler reaction (Taulavuori and Taulavuori, 2007). Besides this, the most 
apparent effect of the Al toxicity on PS II was due to the inhibition of oxygen 
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evolution which was accompanied by quenching of variable fluorerscence (Hsu 
and Lee, 1988; Samson et ah, 1988; Mohanty et al., 1989). The cumulative 
effect of all these altered processes might have reduced the net photosynthetic 
rate (Table 4). This may be further strengthened by a positive correlation 
between activity of CA and net photosynthetic rate (PN ) in Vigna radiata 
(Fariduddin et al, 2004). However, the seedling developed by follow up 
treatment of seeds with EBL and Ca in the presence and absence of aluminium 
stress had more value of PN, this might be due to the fact that BRs would have 
affected the synthesis and/or activation of the enzymes of chlorophyll 
biosynthesis as well as of those associated with photosynthesis eg. activity of 
CA (Table 4), consequently accelerating the net photosynthetic rate (Table 4). 
This was further corroborated by the finding of Yu et al. (2004) who 
demonstrated that BRs enhance the activity of Rubisco, a key en2yme of 
photosynthesis and related process in Cucumis sativus. They further proposed 
that increased CO2 assimilation in calvin cycle was due to an increase in the 
activity of Rubisco. Application of BRs also improved rate of photosynthesis in 
mung bean (Ali et al, 2008) under aluminium stress and mustard (Fariduddin 
et al, 2009a) under Cu stress. Moreover, Ca acts as a signalling molecule and 
the level of cytosolic Ca also helped in opening and closing of stomata 
(McAinsh et al, 1996) which could have improved the stomatal conductance 
(Table 3) 
The elevated level of antioxidant enzymes are considered as an 
important strategy for cellular defense against various oxidative stresses 
imposed on the plants. Among the antioxidant enzymes catalase, peroxidase 
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and superoxide dismutase are the most effective in preventing cellular damage 
by converting superoxide anion (O2") to H2O2 and its further degradation to 
H2O and oxygen (Scan-dalios, 1993). In the present study, the seedling raised 
by exposure of seeds to Al (1 mM /lO mM) had significantly enhanced level of 
antioxidative enzymes (CAT, POX and SOD) and the level of proline as 
compared with control (Table 8 and 9). The increase in the activities of these 
enzymes and level of proline is general response to various biotic and abiotic 
stresses, including heavy emtal stress (Schultzendubel and Polle, 2002) to 
counter the toxicity generated by stress, mediated through the generation of 
reactive oxygen species (Dat et al, 2000). Oxidative burst under Al stress 
might have led to elevate the antioxidant system (Yamamoto et al, 2002). An 
interesting point that emerged in this study is that the follow up treatment of 
seeds with EBL and Ca to the Al stressed seeds had synergistic effect and 
further stimulated the antioxidant system (Table 9). This could be explained by 
finding of Cao et al. 2005 who studied that the det2 Arabidopsis mutant, which 
was blocked in the biosynthetic pathway of BRs exhibited abnormal growth 
features, which could be significantly reverted by the exogenous application of 
epibrassinolide and these plants were also resistant to oxidative stress. The 
enhanced resistance to oxidative stress was correlated with a constitutive 
increase in SOD activity and increased transcript levels of defense gene CAT 
(Cao et al, 2005). Therefore, a possible explanation for the fact that detl 
mutants exhibited an enhanced oxidative stress resistance due to long term 
deficiency of BRs which resulted in a constant in vivo physiological stress that, 
in turn, activated the constitutive expression of some defense genes and 
consequently the activities of related enzymes (Yu et al, 2004 and Table 9) It 
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has also been demonstrated that ATPA2 and ATP24a genes coding peroxidases 
were constitutively up-regulated in the det2 mutant of Arabidopsis (Goda et al, 
2002). The enhanced activities of antioxidant enzymes seems to be the result of 
de novo synthesis and/or activation of the enzymes, mediated through 
transcription and/or translation of specific genes (Bajguz and Hayat, 2009), that 
resulted in the addition of more strength to stressed plants, to resist toxicity 
generated by Al. The earlier findings also showed that the application of BRs 
modified the activities of antioxidant enzymes and proline under various 
abiofic stresses (Li and Van Staden, 1998; Nunez et al, 2003; Ozdemir et al, 
2004) including the heavy metal (Cd, Ni, Al and Cu) stress (Hayat et al, 2001; 
Alam et al, 2007; Ali et al, 2008; Fariduddin et al, 2009a). 
Moreover, the role of Ca''" can be ascribed by its involvement in calcium 
binding protein calmodulin, which activates protein kinase C (PKc) by 
phosphorylation and PKc which intum may activate the cytoplasmic enzymes 
or affect gene transcription by phosphorylating the kinases in the MAPK 
(mitogen activated protein kinase) signaling pathway (Cessna and Lo, 2001). 
The activated MAPK is imported into the nucleus, where it phosphorylates and 
activates specific downstream signaling components such as transcription 
factors which induce cellular responses through improved antioxidant system 
(Table 9). Calcium permeable channels were also activated in response to AOS 
treatment in Arabidopsis (Pei et al, 2000). 
The present study also discloses that the level of proline increased in the 
leaves of seedlings fed with Al in the presence or absence of EBL and/or Ca 
(Table 8). The accumulation of proline in plants is a general response to 
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various abiotic stresses (Jain et al, 2001). However, in the present study, an 
additional reason for increased proline level seems to be the water stress 
generated by Al as evident from decreased water potential of leaves (Table 2). 
The synthesis of proline is a gene regulated process, that involves the activation 
of genes of its biosynthesis and down regulation of those involved in its 
degradation (Sumithra and Reddy, 2004), under stress conditions. Proline also 
acts as a source of carbon and nitrogen for rapid recovery from the stress and 
acts as a stabilizer of plasma membrane and some macromolecules and free 
radical scavenger (Jain et al, 2001), thereby, protecting the plants under 
extreme stress conditions. However, a follow up treatment with EBL and Ca 
fiirther enhanced the level of proline in the seedlings under Al stress (Table 8). 
This is in conformity with the finding of Nayyer (2003) who demonstrated that 
Ca appeared to reduce the devastating effects of stress by elevating the content 
of proline, glycine and betaine, improving the water status and growth of wheat 
seedlings. In the present study, the increased activity of antioxidant enzymes 
could be associated with H2O2 scavenging (Table 8). This increase seems to be 
a compensatory mechanism of defense against oxidative stress caused by toxic 
metal concentration which was evident from increase in its substrate to 
maintain the level of H2O2 (Cargnluti et al, 2006 and Table). The elevated 
level of H2O2 production (Table 8) due to Al stress was supported with earlier 
findings in barley (Simonovicova et al, 2004), wheat (Darko et al, 2004) and 
pumpkin roots (Dipierro et al, 2005). 
The increase in H2O2 content in the stressed seedlings was more 
prominent which received higher concentration of Al (10 mM) this triggered 
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entianced peroxidation of lipids which was indicated by accumulation of 
TBARS (Table 8). TEARS formation was induced by oxidative degradation of 
polyunsaturated fatty acids, in particular linolenic acid, since most of the 
linolenic acid in leaves is localized in the glycolipids of the thylakoid 
membrane (Qinghua et al., 2006) which served as a measure of peroxidative 
damage to chloroplast membrane. In the present study, Al stress induced the 
acc;umulation of TBARS which was correlated with observed decline in Fv/Fm 
ratio (Table 2) which could be explained by the fact that lipids were utilized in 
the maintenance of protein conformation as required for optimal electron 
transport (Mishra and Singhal, 1992). The treatment of EEL and Ca increased 
Fv/Tm ratio in the presence of Al which suggests that EEL and Ca treatment 
would have protected specific proteins by reducing lipid peroxidation (Lu et 
al., l993;Alie/a/.,2008). 
Moreover, membrane damage could indirectly be evaluated by 
measuring solute leakage (Electrolyte leakage) from cells (Ekmekci et al, 
2007) and membrane stability index (AH et al., 2008). Interestingly, in the 
present study the interactive follow up treatment of EEL and Ca to the seeds 
already fed with Al (1 mM/10 mM) increased the MSI as compared to those 
which received Al (Table 5). One of the possible reasons for the improved MSI 
seems to be reduced damage of thylakoid membrane which was evident from 
the reduced lipid peroxidation (Ekmekci et al, 2007 and table 8). The 
cumulative effect of reduced electrolyte leakage and lipid peroxidation (Table 5 
and 8) and increased membrane stability index might have protected the 
seedlings against Al stress. BRs generated such a response because of their 
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involvement in the modification and/or manipulation of plasma membrane 
structure/permeability under stress condition (Hamada, 1986). In addition to 
this, Ca also acts in stabilization of membrane of stressed plant cells (Leopold 
and Willing, 1984; Issa et ai, 1995) or through the decreased uptake of Al 
(Wallace and Mueller, 1962). Beside this, calcium also regulates the selective 
permeability and ion uptake through membrane (Nakamura et al., 1990; Abdel-
Basset and Issa, 1994). 
Leaf water potential of the seedlings supplemented with Al was reduced 
(Table 2) which is possibly an impact of the metal on the electrical potential of 
the plasma membrane that affected not only the absorption of ions but also that 
of water, generating water stress (Barcelo and Poschenrieder, 1990 and Table 
2.). Therefore, physiological disorders are further expressed in the form of 
closure of stomata (Barcelo and Poschenrieder, 1990), decrease in net 
photosynthetic rate (Prasad, 1995 & Table 4) associated with a shift in the 
proportion of various enzymes (Table 4). This altered metabolism under the 
impact of Al resulted in the relocation of plant growth where not only the linear 
growth but also the length of root and shoot, fresh and dry mass of seedling 
were decreased to a significant level (Table 1). In the present study, the 
increased uptake of aluminium through the root tips of cucumber seedling was 
observed (Table 6). This could be the possible explanation for the reduction in 
lenj^ h of root which ahered the growth of the whole seedlings. It is well 
established that aluminium stress primarily inhibited the root growth as a result 
of inhibition of cell elongation at least in early stages of toxicity while reduced 
cell division can obviously affect growth in older stage (Barcelo and 
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Poschenrieder, 2002; Ciomporova, 2002). Earlier findings also showed that the 
application of Al decreased the dry mass of root and shoot in rice (Fageria, 
1982), cowpea (Jemo et al., 2006) and cucumber (Pereira et al., 2006). 
Deviating from the response generated by Al stress, EBL and/or Ca had 
a favourable impact on the length of root and shoot, fresh mass and dry mass of 
seedlings, given as a follow up treatment (Table 1). BRs generated such a 
response because of their involvement in the activation of ATPase pump 
(Khripach et al., 2003), synthesis of nucleic acids and proteins (Bajguz, 2000 
and Table 6), change in enzyme pattern (Table 4 and 5) and speeding up of 
photosynthesis (Table 4). These effects generated by EBL also neutralized the 
impact of Al stress to both (1 mM and 10 mM) concentrations but completely 
at 1 mM Al. 
The present study revealed that the level of antioxidant system 
(superoxidase dismutase, catalase, peroxidase and proline) increased in 
response to Al stress that was further improved by interactive treatment of EBL 
and Ca. Therefore, it may be suggested that the elevated level of antioxidant 
system at least in part, was responsible for the development of resistance 
against Al stress in Cucumis sativus. The increase in the degree of resistance 
induced by EBL and Ca was reflected in the improvement of plant growth, 
photosynthesis and related process, in the presence of Al. 
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APPENDIX 
PREPARATION OF REAGENTS 
1. Reagent for the estimation of nitrate reductase activity 
1.1 0.1 M phosphate buffer (pH 7.5) 
27.2 g of KH2PO4 and 45.63 g of K2HO4.7H2O were dissolved 
separately in 100 cm^ of DDW. The above solutions of KH2PO4 and 
K2HPO4.7H2O were mixed in the ratio of 16:84. 
1.2 O.2MKNO3 
20.2 g of KNO3 was dissolved in sufficient DDW and final volume 
was made upto 1000 cm^ using DDW. 
1.3 5% Isopropanol 
5 cm^ of isopropanol was pipetted into sufficient DDW and final 
volume was made up 100 cm^ using DDW. 
1.4 1% Sulphaniiamide 
1 g of sulphaniiamide was dissolved in 100 cm"^  of 3N HCl. 3N HCl 
was prepared by dissolving 25.86 cm^ of HCl in sufficient DDW and final 
volume was maintained to 100 cm^ by using DDW. 
1.5 2 % N-l-nepthyl ethylene diamine dihydrochloride (NED-HCl) 
20 mg of NED-HCl was dissolved in sufficient DDW and final 
volume was made upto 100 cm ,^ by using DDW. 
2„ Reagents for carbonic anhydrase (CA) activity 
2.1 Cystein hydrochloride solution (0.2 M) 
48 g cystein hydrochloride was dissolved in sufficient DDW and 
final volume was made upto the 1000 cm , by using DDW. 
2.2 Sodium Phosphate buffer (pH 6.8) 
27.8 g NaH2P04 and 53.65 Na2HP04 was dissolved each separately 
in sufficient DDW and final volume was made 1000 cm . 51 cm of 
II 
NaH2P04 and 49 cm of Na2HP04 were then mixed to get the required 
solution. 
2.3 Alkaline sodium bicarbonate solution 
16.8 g sodium bicarbonate (NaHCOs) was dissolved in aqueous 
0.2M NaOH solution [0.8 g NaOH (1000 cm^)"'] and final volume was 
made upto 1000 cm^ with DDW. 
2.4 0.002% Bromothymol blue 
0.002 g of bromothymol blue was dissolved in sufficient DDW and 
the final volume was made up to 100 cm , by using DDW. 
2.5 Methyl red indicator 
A pinch of methyl red was dissolved in sufficient ethanol and final 
volume was made 100 cm using ethanol. 
2.6 O.OINHCI 
0.86 cm^ of pure HCl was pipetted in sufficient DDW and final 
volume was made up to 1000 cm ,^ by using DDW. 
3. Reagents for estimation of soluble sugar content 
3.1 90% Ethanol 
It was prepared by mixing 90 ml of pure ethanol in 10 ml of DDW. 
3.2 5% Phenol 
It was prepared by mixing 5 ml of phenol in 95 ml of DDW. 
4. Reagents for nitrate estimation 
4.1 2% Acetic acid 
Add 2 cm^ acetic acid in 98 cm^ DDW. 
4.2 Powder mixture 
Prepare a powder mixture consisting of 37 g of citric acid, 5 g of 
manganese sulphate monohydrate, 2 g of sulphanilamide, 1 g of N-1-
Nephthylene diamine dihydroachloride and 1 g of finely powdered zinc. 
Grind and mix these reagents to the powder mixture. 
Ill 
Note : Grind citric acid first and then add otiier chemicals one by one and 
grind. 
5. Reagent for the estimation of proline 
5.1 3% Sulphasalisylic acid 
3 g of suiphasalicylic acid was dissolved in sufficient DDW and final 
volume was maintained 100 cm by using DDW. 
5.2 Acid ninhydrin solution 
1.25 g of ninhydrin was dissolved in a mixture of warm, 30 cm of 
glacial acetic acid and 6 M phosphoric acid (pH 1.0) with agitation till it 
got dissolved. It was stored at 4°C and used within 24 h. 
The 6M phosphoric acid was prepared by mixing 11.8 cm^ of 
phosphoric acid with 8.2 cm'' of DDW. 
6. Preparation of reagents for protein estimation 
6.1 5% trichloroacetic acid (TCA) 
5 cm^ of TCA was mixed with 95 cm^ of DDW. 
6.2 INNaOH 
40 g of NaOH was dissolved in sufficient DDW and final volume 
was made up to 1000 cm"', by using DDW. 
6.3 Reagent A 
2% sodium carbonate (2 g dissolved in 100 cm^ DDW) and O.IN 
NaOH (4 g NaOH dissolved in 1000 cm )^ were mixed in the ratio 1:1. 
6.4 Reagent B 
0.5% copper sulphate (500 mg CUSO4 dissolved in 100 cm^) and 1% 
sodium tartarate (1 g sodium tartarate dissolved in 100 cm DDW) were 
mixed in the ratio 1:1. 
6.5 Reagent C 
50 cm of reagent A was mixed with 1 cm of reagent B. 
IV 
6.6 Folin's phenol reagent 
The reagent obtained from Loba Chemie Pvt. Ltd. Mumbai, India, 
was diluted by DDW in the ratio 1:2. 
7. Reagents for Aluminium uptake 
7.1 0.2% Hematoxylin 
0.2 g of hematoxylin was dissolved in 100 cm of DDW. 
7.2 0.02% KIO3 
0.02 g of KIO3 was dissolved in DDW and final volume was made 
upto 100 cm^ using DDW. 
8. Reagents for estimation of lipid peroxidation 
8.1 80%Ethanol 
80 cm ethanol was mixed in 20 cm' of DDW. 
8.2 20% Trichloroacetic acid 
20 cm of trichloroacetic acid was mixed in 80 cm'of DDW. 
8.3 0.01% Butylated hydroxytoluene 
0.01 cm"^  of BHT was pipetted into sufficient DDW and final volume 
was made up to 10 cm^ using DDW. 
8.4 0.065% Tribarbutyric acid 
0.65 g of thiobarbutyric acid was dissolved in sufficient DDW and 
final volume was made up to 100 cm3, by using DDW. 
9. Reagents for estimation of CAT activity 
9.1 Phosphate buffer (O.IM) for pH 6.8 
3.54 g of Na2HP04 was dissolved in 100 cm^ of DDW and 3.72 g of 
NaH2P04 was added to 100 cm^ of DDW. To this 12.3 cm^ of Na2HP04 
was added to 87.7 cm^ of NaH2P04. 
9.2 H2O2(0.1M) 
0.34 cm^ of H2O2 was added to 100 cm^ of DDW. 
V 
9.3 Sulphuric acid (2%) 
2 cm^ of H2SO4 was added to 98 cm^ of DDW. 
9.4 O.IN potassium permanganate 
This was made by dissolving 0.162 g of Kmn04 in 500 cm^ of DDW. 
10. Reagent for the estimation of peroxidase activity 
10.1 Pyragallol phosphate buffer 
It was prepared by mixing 25 ml of pyragallol in 75 ml phosphate 
buffer (pH 6). 
10.2 Phosphate buffer (pH 6) 
3.54 g of Na2HP04 was dissolved in 100 cm^ of DDW and 3.72 g of 
NaH2P04 was added to 1000 cm^ of DDW. To this 12.3 cm^ of NaH2P04 
was added to 87.7 cm^ of NaH2P04. 
io.;31% H2O2 
1 cm"' of H2O2 was pipetted into sufficient DDW and final volume 
was made up to 100 cm"' using distilled water. 
11, Reagent for the estimation of superoxidase activity 
11.1 Phosphate buffer (50 mM) for pH 7.0 
It was prepared by mixing 1.78 g Na2HP04 and 1.56 g of NaH2P04 
in 100 cm^ of DDW separately and mixing 91.5 ml of Na2HP04 with 8.5 
ml of NaH2P04. 
11.2 Methionine (13 mM) 
It was prepared by dissolving 0.193 g of methionine in 100 cm^ of 
DDW. 
11.3 Nitrobluetetrazelium (NBT) (75 mM) 
6.13 mg of NBT was dissolved in 100 cm^ of DDW. 
11.4 Riboflavin (2M) 
0.732 mg of riboflavin was dissolved in 100 cm of DDW. 
VI 
11.5 EDTA(O.IM) 
2.92 g EDTA was dissolved in 100 cm^ of DDW. 
12 Reagents for nitrogen estimation 
12.1 2.5N NaOH 
5 g of NaOH was dissolved in sufficient DDW and final volume was 
maintained up to 100 cm''. 
12.2 10% sodium silicate 
10 g sodium silicate was dissolved in 100 cm^ DDW. 
13. Reagents for phosphorus estimation 
13.1 Molybidic acid reagent (2.5%) 
6.25 g ammonium molybdate was dissolved in 75 cm+3 °^^^^ "2SO4. 
175 cm DDW was added, in this solution in order to get 250 cm of the 
above reagent. 
13.2 Sulphuric acid (10 N) 
27.2 cm^ sulphinilic acid was added carefully to DDW and the final 
volume was made upto 100 cm"'. 
13.3 Amino-naphthol sulphonic acid 
0.5 g 1-amino-2-naphthal-4-sulphonic acid was dissolved in 195 cm 
of 15% sodium bisulphate solution to which 5 cm"' of 20% sodium 
sulphate solution was added. The above solution was stored in a dark 
coloured bottle in refrigerator. 
14 Reagents for H2O2 estimation 
14.1 50 mM phosphate buffer (pH 6.8) 
35.61 g of Na2HP04.7H20 and 31.2 g NaH2P04.2H20 were 
dissolved separately in 1000 cm"' of DDW. The above solutions of 
Na2HP04.7H20 and NaH2P04.2H20 were mixed in the ratio of 49:51. 
14.2 0.1% titanium chloride in 20% H2SO4 
0.1 g titanium chloride was dissolved in 20% H2SO4. 
